Geometric Morphometrics for Mathematica (Ver. 9.0) by Polly, P. David
 Department of Geological Sciences | Indiana University  © 2012, P. David Polly 
 
Geometric Morphometrics for Mathematica 
User’s Guide 
Version 9, October 2012 
 
This package is used in Indiana University course 
Geol-G 562 Geometric Morphometrics 
 
 
 
 
 
 
P.  David Polly 
Department of Geological Sciences 
Indiana University 
Bloomington, Indiana 47405  USA 
 
http://mypage.iu.edu/~pdpolly/ 
pdpolly@indiana.edu 
  
WALLABY
LEOPARD
HUMAN
OTTER
FOSSA
DOG
Node 0
Node 1
Node 2
Node 3
Node 4
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
PC 1
P
C
2
© 2012, P. David Polly 2 
Table of Contents 
Table of Contents ............................................................................................................... 2	  
Installing the package ................................................................................................................ 2	  
Using Mathematica ............................................................................................................ 3	  
Basic GMM functions ......................................................................................................... 4	  
CentroidSizes[data] ................................................................................................................ 4	  
CommonOrientation[data1, data2, n, k] ............................................................................... 4	  
FlipImageJ[data] ..................................................................................................................... 4	  
ImportImageJCoordinates[path, filter] .................................................................................. 5	  
MorphometricsVersion[] ......................................................................................................... 5	  
Procrustes[data, n, k] ............................................................................................................. 5	  
ProcrustesDistance[shape1, shape2, k] .............................................................................. 6	  
ProcrustesPlot[data] ............................................................................................................... 6	  
ProcrustesPlot3D[data] .......................................................................................................... 7	  
ProcrustesSized[data, scalefactors, n, k] ............................................................................. 8	  
RotateShape[data, degrees] ................................................................................................. 9	  
tpSpline[source, target] ....................................................................................................... 10	  
tpsImport[filename (, k)] ...................................................................................................... 10	  
Functions for Complete Analyses .................................................................................... 12	  
EDMA[landmarks1, landmarks2, landmarklabels] ............................................................ 12	  
PhylogeneticPrincipalComponentsOfShape[proc, labels, PCs, tree] ................................ 14	  
PrincipalComponentsOfShape[data, {PC1, PC2}, labels] .................................................. 15	  
PrincipalComponentsOfShape3D[data, {PC1, PC2}, labels] ............................................. 18	  
ProbabilitiesOfShapesAsAncestors[proc, labels, tree (,PCs)] ............................................ 21	  
ReconstructAncestorShapes[proc, labels, tree] ................................................................. 22	  
ShapeRegress[proc, variable (, PCs)] .................................................................................. 22	  
TreeToMorphospace[proc, labels, PCs, tree] ..................................................................... 23	  
TreeAndFossilsToMorphospace[proc, labels, PCs, tree] ................................................... 24	  
TwoBlockPartialLeastSquares[data1, data2, {type1, type2}, (, PLS)] .............................. 25	  
Acknowledgements .......................................................................................................... 27	  
Bibliography ...................................................................................................................... 27	  
 
Install ing the package 
1. Download the latest version of the package at 
http://mypage.iu.edu/~pdpolly/Software.html (right click on link to save as file) 
2. Open the file in Mathematica 
3. Under the File menu, choose “Install” 
4. Under Type of Item choose “Package”, under source choose the file you just saved, 
under Install Name choose a short name for the package (e.g., “PollyMorphometrics”) 
5. Once installed, enter the command “<<PollyMorphometrics`” to use the functions. 
6. Use the function MorphometricsVersion[] to determine which version you have 
installed. 
7. Some functions in this package require the Phylogenetics for Mathematica package 
to be installed.  The latter can be obtained from the same site. 
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Using Mathematica 
Mathematica has a unique interface that takes a while to get used to.  You open to a blank 
page, like a word processor, where you can type anything youwant.  Most of the time you will 
type commands that do things with your data:  connect to databases, plot graphs, carry out 
calculations.  Unlike other statistical or mathematical programs, the commands you type and 
the output you get remain on the page, which gives you a record of what you’ve done step-by-
step.  To help organize your work, you can add headers, format boxes, etc. with the Format 
Menu.    
Cel ls are an important organizing feature of Mathematica .   Note the “cell” 
markers on the right margin.  Each cell is bounded by a bracket and commands within a cell 
are executed together.   You can open and close cells by double clicking the bracket.  This 
can be useful if you have lots of stuff in a notebook… you can give a section a heading, which 
causes cells in that section to be grouped, after which you can close the section by double 
clicking. 
Shift  + Enter causes a cel l  to be executed.  Pressing the enter key creates a new 
line, just like in a word processor, but when you want to execute a command you typed, you 
type SHIFT+ENTER somewhere in the cell and all commands in the cell are executed. 
Mathematica Commands.  Mathematic is designed to be as easy to learn as possible so 
that you can concentrate on working instead of the program.  Almost all commands are 
English words written out in full with capitals at the beginning of words and brackets [] at the 
end of the command.  For example, the command to calculate an average of a set of 
numbers is Mean[], the command to do a principal components analysis is 
PrincipalComponents[], and the command to take the logarithm of a number is Log[].   
Formatt ing Output.   Mathematica is clever about how it provides output and it tries to 
keep the results as accurate as possible.  For example, if you calculate the average of the 
following numbers 
Mean[ {1, 5, 10, 3, 20, 40} ] 
the answer extends to many decimal places, so Mathematica reports it more precisely as a 
fraction:  79/6.  You may want an ordinary number, however, and you can force Mathematica 
to format its output the way you want: 
Mean[ {1, 5, 10, 3, 20, 40} ] // N 
This command now gives you 13.1667.  Another useful formatting function is 
//MatrixForm, which causes a table to be displayed neatly in columns instead of wrapping 
around the page.   
Graphics.   Mathematic is good at graphics.  You can either use simple functions like 
ListPlot[] to create a generic graph, or you can experiment with Graphics[] to create a 
completely customized graphic. 
  
© 2012, P. David Polly 4 
Basic GMM functions 
CentroidSizes[data]  
Returns the centroid sizes of a matrix of landmarks in which the first column contains a 
scaling factor stating the proportion between the units of the landmark coordinates (which 
are often pixels) and real units of measurement (e.g., millimeters).  The function multiplies 
the landmarks of each object by their scaling factor, then calculates the square root of the 
sum of squared distances between the landmarks and their centroid. 
Arguments: 
• data a matrix of landmarks with scaling factors in the first column 
Example (where data contains landmark configurations of six objects): 
CentroidSizes[data] 
{12.6565, 12.8118, 12.5415, 12.8007, 12.2841, 12.5147} 
CommonOrientation[data1, data2, n, k]  
This function rotates one set of Procrustes aligned coordinates to the same orientation as 
another to make them comparable for statistical analysis when they have been aligned 
separately.  The function returns data2 rotated into an alignment that matches data1. 
Arguments: 
• data1 is a matrix of Procrustes superimposed landmarks 
• data2 is another matrix of the same number of Procrustes superimposed 
landmarks 
• n is the number of landmarks 
• k is the number of dimensions of each landmark (2 or 3) 
Example (where data contains landmark configurations of six objects): 
newdata = CommonOrientation[data1, data2, 9, 2]; 
FlipImageJ[data]  
This function flips landmarks vertically.  It is designed for use with landmarks that were 
collected with ImageJ, a package in which the y-axis gets larger toward the bottom of the 
screen rather than the top.  This function is designed specially for use with the tpsImport[] 
function in this package and expects that the first column of data contains object labels and 
the remaining columns contain x-y landmark coordinates.  Data are returned in the same 
form. 
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Arguments: 
• data is a rectangular matrix with a column of object labels followed by 
columns of the x-y coordinates of several landmarks. 
Example: 
data = FlipImageJ[ tpsImport[ “mandibles.tps”] ]; 
Note that if you use FlipImageJ with coordinates collected from other programs, such as 
tpsDig, your landmarks will be flipped vertically.  
ImportImageJCoordinates[path, f i l ter]  
This function imports outline coordinates created using the polygon tool and save XY 
coordinates function of ImageJ.  The function reads in all files that match the filter, assuming 
that each one is a plain text file.  The file name is prepended to each row of coordinates as a 
label.  Coordinates are returned in rows with the file name in the first column. 
Arguments: 
• path is the path to the directory where the coordinate files are stored. 
• filter matches file names and has the form “*.txt” or similar. 
Example: 
ImportImageJCoordinates["/Documents/Data/ImageJ/", "*.txt"]; 
MorphometricsVersion[] 
Prints the version number and citation for the current installation. 
Example: 
MorphometricsVersion[] 
PollyMorphometrics 8.4 
(c) P. David Polly, 13 April 2012 
Procrustes[data, n, k]  
This function performs a Procrustes superimposition of landmark coordinates followed by an 
orthogonal projection into tangent space. The function uses the algorithm presented by Rohlf 
and Slice (1990) and the tangent space projection presented by Rohlf (1999).  Function 
works for 2D and 3D coordinate data.  
Arguments: 
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• data is a rectangular matrix of landmark coordinates to be aligned, each 
shape in a single row and the x,y (,z) coordinates of the n landmarks in the 
columns 
• n is the number of landmarks 
• k is the number of dimensions of each landmark (2 or 3) 
The function returns the aligned coordinates in a rectangular matrix of the same format.  For 
2D landmarks, the aligned shapes are returned in the same orientation as the first shape in 
the pre-aligned data. 
Example: 
data = {{65., 283., 100., 309., 138., 320., 170., 324.}, {77., 265., 101.,   
289., 142., 301., 172., 306.}, {38., 303., 75., 331., 114., 340.,   149., 346.}, 
{86., 291., 114., 314., 154., 323., 186., 330.}, {88.,  462., 107., 485., 154., 
489., 193., 494.}}; 
aligned = Procrustes[data, 12, 2]; 
ProcrustesDistance[shape1, shape2, k]  
This function calculates the Procrustes distance between two shapes after it places them in 
optimal alignment using Procrustes superimposition.  The Procrustes distances is the square 
root of the sum of squared distances between corresponding landmarks. 
Arguments: 
• shape1 is a set of landmarks 
• shape2 is a set of landmarks from the same scheme as shape1 
• k is the number of dimensions of each landmark (2 or 3) 
Example: 
ProcrustesDistance[landmarks[[1]], landmarks[[2]], 2] 
 
0.0350166 
ProcrustesPlot[data]  
This function plots two-dimensional Procrustes aligned coordinates for illustrative purposes.  
Each landmark is given an identifying color and the landmarks are numbered at the 
corresponding centroid 
Arguments: 
• data is a rectangular matrix of 2D Procrustes aligned landmark coordinates 
Example: 
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ProcrustesPlot[data] 
 
 
ProcrustesPlot3D[data]  
This function plots three-dimensional Procrustes aligned coordinates for illustrative 
purposes.  Each landmark is given an identifying color and the landmarks are numbered at 
the corresponding centroid.  Landmarks of the objects are connected to the corresponding 
landmark centroids by solid gray lines and each landmark centroid is connected to the object 
centroid by dotted gray lines. 
Arguments: 
• data is a rectangular matrix of 3D Procrustes aligned landmark coordinates 
Example: 
ProcrustesPlot3D[data] 
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ProcrustesSized[data, scalefactors, n, k]  
This function performs a Procrustes superimposition of landmark coordinates followed by an 
orthogonal projection into tangent space, retaining the size of the original objects. The 
function uses the algorithm presented by Rohlf and Slice (1990) and the tangent space 
projection presented by Rohlf (1999).  Function works for 2D and 3D coordinate data.  
Arguments: 
• data is a rectangular matrix of landmark coordinates to be aligned, each 
shape in a single row and the x,y (,z) coordinates of the n landmarks in the 
columns 
• scalefactors is a list of scaling factors between the coordinates and the 
original size of the objects.  If the coordinate scales are in absolute units then 
the elements of this list will all be 1.   
• n is the number of landmarks 
• k is the number of dimensions of each landmark (2 or 3) 
The function returns the aligned coordinates in their original scale in a rectangular matrix of 
the same format. For 2D landmarks, the aligned shapes are returned in the same orientation 
as the first shape in the pre-aligned data. 
Example: 
data = {{65., 283., 100., 309., 138., 320., 170., 324.}, {77., 265., 101.,   
289., 142., 301., 172., 306.}, {38., 303., 75., 331., 114., 340.,   149., 346.}, 
{86., 291., 114., 314., 154., 323., 186., 330.}, {88.,  462., 107., 485., 154., 
489., 193., 494.}}; 
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scalefactors = { 0.023247, 0.0238, 0.019999, 0.024038, 0.024152}; 
aligned = ProcrustesSized[data, scalefactors, 4, 2]; 
RotateShape[data, degrees]  
This function rotates two-dimensional shapes by a specified number of degrees.  Input 
consists of a rectangular matrix with coordinates in the columns and objects in rows, such as 
the matrix returned by the Procrustes[] function and the number of counterclockwise degrees 
that the shapes should be rotated.  
Arguments: 
• data is a rectangular matrix of landmark coordinates to be aligned, each 
shape in a single row and the x,y (,z) coordinates of the n landmarks in the 
columns 
• degrees is the number of degrees to rotate. 
Example: 
ProcrustesPlot[proc] 
 
ProcrustesPlot[RotateShape[proc,90]] 
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tpSpline[source, target ( ,  label)]  
This function draws a thin plate spline deformation grid that warps the landmarks of a 2D 
source shape into the target shape.   The shapes should be Procrustes superimposed.  The 
algorithm is from Dryden and Mardia (1998) and Hammer and Harper (2006). 
Arguments: 
• source is a set of 2D Procrustes superimposed landmark coordinates, often 
the mean shape of a sample. 
• target is another set of 2D Procrustes superimposed landmark coordinates. 
• label is an optional string that is used as the plot label. 
Example: 
source = Mean[Procrustes[data, 13, 2]]; 
target = Procrustes[data, 13, 2][[1]]; 
tpSpline[source, target] 
 
 
tpsImport[f i lename (,  k)]  
This function imports at TPS file, such as the ones used in the TPS-series of programs written 
by Jim Rohlf.  The function assumes that landmarks are 2D until the optional argument for 
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3D is included.  The function expects a simple TPS file with landmarks and optional SCALE or 
IMAGE tags.  Object labels are imported from the IMAGE tag, if it is present, or the ID tag if it 
is no.  If SCALE tags are present, then the scaling factors are imported in the second column.  
The landmark coordinates are imported in the remaining columns. 
Arguments: 
• filename is the name of the file to be imported (often with complete path). 
• k is an optional argument that should be set to 3 if 3D landmarks are being 
imported. 
Example: 
data = tpsImport[“mandibles.tps”]; 
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Functions for Complete Analyses 
EDMA[ landmarks1, landmarks2, landmarklabels] 
This function does a Euclidean Distance Matrix Analysis (EDMA) on two samples of two - 
dimensional landmark coordinates.  Normally the coordinates used in EDMA are scaled in 
real units and have not been Procrustes superimposed.  This function returns two graphs, 
the first showing the values of the Form Distance Matrix (FDM) of sample 2 compared to 
sample 1, and the second showing the mean shape of sample 2 with the lengthened 
interlandmark distances colored deep red and the shortened distance colored blue.  The 
FDM is based on the relative distance method (Lele and Richtsmeier, 2001) and shows the 
ratio between each interlandmark distance as a black dot with a 95% confidence interval 
based on 1000 bootstrap resamplings of the original data (Lele and Richtsmeier, 1995).  The 
second graphic shows those interlandmark distances whose 95% confidence intervals do not 
encompass 1.0 (i.e., those whose interlandmark distances are significantly different between 
the two samples).   
Arguments: 
• landmarks1 and landmarks2 are matrices of xy coordinates for two samples, 
normally with the coordinates in scaled units and not Procrustes 
superimposed. 
• landmarklabels is a list of landmark labels as strings. 
Example:  EDMA analysis of nine landmarks on the faces of people looking to the 
right and to the left.  Landmarks show the corners of the left and right eyes, the 
edges of the nose, the corners of the mouth, and the chin.  The transformation of 
faces looking right to ones looking left involves lengthening of interlandmark 
distances on the left side of the face (red) and shortening of those on the right side 
(blue).  
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PhylogeneticPrincipalComponentsOfShape[proc, labels, PCs, tree]  
This function performs a phylogenetic principal components of shape using the techniques 
described by Revell (2009).   The function also projects the phylogenetic tree into the pPCA 
space using the techniques described by Rohlf  (2002), making use of the Browninan motion 
ancestral node reconstruction method  described by Martins and Hansen (1997). 
This function is a companion to the PrincipalComponentsOfShape[] and 
TreeToMorphospace[] functions in this package and to the ReconstructNodes[] function in 
the Phylogenetics package, and it requires the latter package to  be installed.  
Arguments: 
• proc is a matrix of Procrustes superimposed 2D landmark coordinates with 
OTUs in rows and coordinates in columns. 
• labels is a list of strings identifying each row in proc.  These labels must be in 
the same order as proc and must match the tip names in tree. 
• PCs is a list of two digits specifying which principal components will be 
plotted. 
• tree is a string with the tree topology and branch lengths in Newick format, 
similar to that produced by the ReadNewick function in the Phylogenetics for 
Mathematica package. 
Example: 
PhylogeneticPrincipalComponentsOfShape[proc, labels, {1,2}, tree] 
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PrincipalComponentsOfShape[data, {PC1, PC2}, labels]  
This function does a Principal Components analysis on 2D Procrustes superimposed data 
(Dryden and Mardia, 1998).  This analysis is the same as a Relative Warps analysis in which 
the alpha-weights of the Partial Warps have been set to 1 (Rohlf, 1993).  The function 
calculates the principal components (eigenvectors) of the covariance matrix of the 
Procrustes residuals and displays a principal components plots of the objects, reporting the 
proportion of variance explained by those components.  The function also displays the mean 
shape with each landmark numbered in order and a convex hull around the landmark 
configuration.  Finally the function displays the principal components graph as a 
morphospace in which nine thin-plate spline grids have been placed to show how shape 
varies in the space.  The grids are placed at the extreme ranges of the objects and at the 
mean. 
Arguments: 
• data is a rectangular matrix of 2D Procrustes aligned landmark coordinates. 
• {PC1, PC2} is a list of two integers specifying which principal components will 
be shown on the x and y axes respectively. 
• labels is a list of strings to be used to label the objects in the principal 
components plot. 
Example:  Analysis of the head shields of eleven osteostracan fish species (from 
Sansom, 2009) using thirteen landmarks from the following scheme that 
have been Procrustes superimposed and stored in the variable data.  A list 
of the eleven species names has been stored in labels.   
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PrincipalComponentsOfShape[data, {1,2}, labels] 
 
 
PC 1 explains 0.638787 of total shape variance 
PC 2 explains 0.231647 of total shape variance 
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In the above example, the first plot shows the distribution of the 11 species on Principal 
Components 1 and 2 each labeled with the species name.  The lines below the plot report 
the proportion of variance explained by each of the two PCs.  The next plot shows the mean 
shape, with the numbered landmarks surrounded by a convex hull to help visualize the 
shape. The last plot shows the same two principal components as the first one, but this time 
with a series of thing plate splines to show how shape varies across the plot.  The species at 
the left of the plot have head shields that are laterally widened at the back (landmarks 6 and 
13).  The species at the right have head shields that are laterally compressed at the same 
landmarks.  The species at the top of the plot are antero-posteriorly shortened, and the ones 
at the bottom are elongated.   
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PrincipalComponentsOfShape3D[data, {PC1, PC2}, labels]  
This function does a Principal Components analysis on 3D Procrustes superimposed data 
(Dryden and Mardia, 1998).  This analysis is the same as a Relative Warps analysis in which 
the alpha-weights of the Partial Warps have been set to 1 (Rohlf, 1993).  The function 
calculates the principal components (eigenvectors) of the covariance matrix of the 
Procrustes residuals and displays a principal components plots of the objects, reporting the 
proportion of variance explained by those components.  The function also displays the mean 
shape with each landmark numbered in order with a dotted line connecting them to the 
shape centroid.  Finally the function displays two shape models, one for each of the two PCs.  
Each shape model shows the mean shape with each landmark numbered in order and a 
vector running through it to show the variation in that landmark from one end of the PC axis 
to the other.  The tails of the vectors indicate the positions of the landmarks at the negative 
end of the PC and the heads indicate the positions of the landmarks at the positive end of 
the PC. 
Arguments: 
• data is a rectangular matrix of 3D Procrustes aligned landmark coordinates. 
• {PC1, PC2} is a list of two integers specifying which principal components will 
be shown on the x and y axes respectively. 
• labels is a list of strings to be used to label the objects in the principal 
components plot. 
Example:  Analysis of skulls of six mammals, whose names have been stored in 
labels as follows: wallaby, human, leopard, fossa, dog, and otter.  Ten 3D 
landmarks have been placed on the cranium as follows. 
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PrincipalComponentsOfShape3D[data, {1,2}, labels] 
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Probabil it iesOfShapesAsAncestors[proc, labels, tree (,PCs)]  
This function calculates the probability that a shape, usually a fossil, falls within the expected 
distribution of an ancestral node under the assumption of a Brownian motion model of 
evolution. The node values and their covariances are calculated from the tree and the taxa 
whose names appear in its tip labels using the ReconstructAncestors[] function from the 
Phylogenetics package. P - values are then calculated for the remaining taxa in the data set. 
P - values are multivariate, based on all dimensions of the morphospace, unless the optional 
value PCs is smaller than the total number of morphospace dimensions. For each fossil, the 
squared Mahalanobis distance between it and the node is calculated using the scores of the 
fossil, the scores of the node, and the covariance matrix of the node (a diagonal matrix of the 
squared standard deviations associated with the evolutionary process). P is taken from a Chi 
-Square distribution whose degrees of freedom equal the number of morphospace 
dimensions being considered. The P - value is interpreted as the probability that the fossil 
could represent the ancestral population at that node given a Brownian motion process of 
evolution, the rate of evolution estimated from the tree, the topology of the tree, and the 
shapes of the tip taxa. Remember that the ancestral estimates are population means rather 
than individuals, so the interpretation is based on the fossil being representative of the mean 
of the population from which it came. Ideally, each tip and fossil taxon will be represented in 
this analysis by a sample mean shape (consensus shape) of a larger sample. P - values 
greater than 0.05 are highlighted in the results as being significantly compatible with the 
distribution of a node. Remember that a fossil that did not live at the time of the ancestor 
cannot logically be an ancestor, regardless of how similar its morphology is to the expected 
ancestral shape.  The example data set is courtesy of Aida Gómez Robles (2012). 
This function is a companion to the TreeAndFossilsToMorphospace[] function in this package 
and to the ReconstructNodes[] function in the Phylogenetics package. This function requires 
the Phylogenetics for Mathematica package to be installed 
(http://mypage.iu.edu/~pdpolly/Software.html). 
Arguments: 
• proc is a matrix of Procrustes superimposed 2D landmark coordinates with 
OTUs in rows and coordinates in columns. 
• labels is a list of strings identifying each row in proc.  These labels must be in 
the same order as proc and must match the tip names in tree. 
• tree is a string with the tree topology and branch lengths in Newick format, 
similar to that produced by the ReadNewick function in the Phylogenetics for 
Mathematica package. 
• PCs is an optional integer specifying the number of morphospace dimensions 
(PCs) to use in calculating the p-values.  By default all dimensions are used. 
Example:    ProbabilitiesOfShapesAsAncestors[proc, labels, tree] 
 
Node 0 Node 1 Node 2 Node 3 Node 4 Node 5
A.africanus 0.8920 0.7500 0.0249 0.0130 0.0002 0.0000
H.habilis 0.6460 0.9110 0.2520 0.6490 0.2460 0.0009
H.ergaster 0.0392 0.0022 0.0000 0.0002 0.0001 0.0000
H.georgicus 0.3120 0.0099 0.0000 0.0001 0.0000 0.0000
H.antecessor 0.0109 0.0008 0.0000 0.0001 0.0000 0.0000
H.heidelbergensis 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000
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ReconstructAncestorShapes[proc, labels, tree]  
This function creates thin - plate spline representations of the shapes of taxa at the tips and 
nodes of a phylognetic tree. The node shapes are reconstructed using the PGLS method 
assuming a Brownian motion mode of evolution (see ReconstructNodes[] function in 
Phylogenetics package). The method essentially follows Rohlf (2002). The thin - plate spline 
representations are shown as the deformation of each tip and node from the shape at the 
root of the tree, thus showing derived changes. Note that the shape reconstructions 
themselves are done from a shape space centered at the mean (consensus) of the tip taxa 
as recommended by Rohlf (1998).  The example data set is courtesy of Aida Gómez Robles 
(2012). 
This function requires the Phylogenetics for Mathematica package to be installed.  This 
function is a companion to the TreeToMorphospace[] function in this package and to the 
ReconstructNodes[] function in the Phylogenetics package. 
Arguments: 
• proc is a matrix of Procrustes superimposed 2D landmark coordinates with 
OTUs in rows and coordinates in columns. 
• labels is a list of strings identifying each row in proc.  These labels must be in 
the same order as proc and must match the tip names in tree. 
• tree is a string with the tree topology and branch lengths in Newick format, 
similar to that produced by the ReadNewick function in the Phylogenetics for 
Mathematica package. 
Example: 
ReconstructAncestorShapes[proc , labels, tree] 
 
 
ShapeRegress[proc, variable ( ,  PCs)]  
This function does a multivariate least squares regression of shape onto a single predictor 
variable. The function calculates the PC scores of the Procrustes superimposed shape, then 
regresses them onto the input variable.  The function calculates an r-squared value for the 
regression and assesses its significance by randomization.  The scores are randomized with 
respect to the input variable 10,000 times and the observed r-squared value compared to 
A.afarensis P.robustus P.boisei H.erectus Sima H.neanderthalensis H.sapiens
Node 0 Node 2 Node 5 Node 4 Node 3 Node 1
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the randomized distribution.  The function also reports the intercept, regression, and 
univariate r-square for each of the non-zero PCs.  A graph showing the scores and regression 
of one PC is returned.  The first PC is graphed unless a different one is specified. 
Arguments: 
• proc is a matrix of Procrustes superimposed  landmark coordinates with 
objects in rows and coordinates in columns. 
• variable is the variable onto which proc is to be regressed.  It is a vector 
containing observations for each object from a continuous variable. 
• PCs is an optional parameter specifying which PC should be shown in the 
graph.  By default the regression on PC1 is shown. 
Example: 
ShapeRegress[proc, x, 2] 
 
 
TreeToMorphospace[proc, labels, PCs, tree]  
This function projects a phylogenetic tree into a GMM morphospace using PGLS to estimate 
the most likely ancestral shapes under a Brownian motion model of evolution, then 
projecting the node shapes into the principal components space of the shape data.  The 
method for estimating the ancestral shapes is the phylogenetic generalized least squares 
method (Martins and Hansen, 1997; Rohlf, 2001). The method used here essentially follows 
Rohlf (2002). 
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This function requires the Phylogenetics for Mathematica package to be installed 
(http://mypage.iu.edu/~pdpolly/Software.html).  This function is a companion to the 
ReconstructNodes[] function in the Phylogenetics package.  
Arguments: 
• proc is a matrix of Procrustes superimposed 2D landmark coordinates with 
OTUs in rows and coordinates in columns. 
• labels is a list of strings identifying each row in proc.  These labels must be in 
the same order as proc and must match the tip names in tree. 
• PCs is a list of two digits specifying which principal components will be 
plotted. 
• tree is a string with the tree topology and branch lengths in Newick format, 
similar to that produced by the ReadNewick function in the Phylogenetics for 
Mathematica package. 
Example: 
TreeToMorphospace[proc, labels, {1,2}, tree] 
 
 
TreeAndFossilsToMorphospace[proc, labels, PCs, tree]  
This function projects a phylogenetic tree and candidate ancestor shapes into a GMM 
morphospace.  The function uses PGLS on the shapes belonging to the tree tips to estimate 
the most likely ancestral shapes under a Brownian motion model of evolution.  It then 
constructs a morphospace based on the tip shapes and projects the node shapes into it and 
draws the tree branches.  The remaining non-tip shapes, which are presumed to be fossil 
candidates for the ancestors, are projected into the shape space.  The method for estimating 
the ancestral shapes is the phylogenetic generalized least squares method (Martins and 
Hansen, 1997; Rohlf, 2001).  The example data set is courtesy of Aida Gómez Robles 
(2012). 
This function requires the Phylogenetics for Mathematica package to be installed 
(http://mypage.iu.edu/~pdpolly/Software.html).  This function is a companion to the 
ProbabilitiesofShapesAsAncestors[] function in this package and the ReconstructNodes[] 
function in the Phylogenetics package.  
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Arguments: 
• proc is a matrix of Procrustes superimposed 2D landmark coordinates with 
OTUs in rows and coordinates in columns. 
• labels is a list of strings identifying each row in proc.  These labels must be in 
the same order as proc and must match the tip names in tree. 
• PCs is a list of two digits specifying which principal components will be 
plotted. 
• tree is a string with the tree topology and branch lengths in Newick format, 
similar to that produced by the ReadNewick function in the Phylogenetics for 
Mathematica package. 
Example: 
TreeAndFossilsToMorphospace[proc, labels, {1,2}, tree] 
 
 
TwoBlockPartialLeastSquares[data1, data2, {type1, type2}, ( ,  PLS)]  
This function performs a two-block partial least squares analysis following the methodology 
of Rohlf and Corti (2000).  Two blocks of data are given to the function, along with a list of 
two strings indicating the type of data.  Allowable types are "Shape" (Procrustes 
superimposed coordinates), "Standardized" (independent variables  with different units of 
measurement that need to be standardized), and "Unstandardized" (independent variables 
with the same unit of measurement that do not need to be  standardized).  An optional 
argument is the number of the PLS axis to plot in the  output graph.  By default PLS 1 is 
plotted. 
Arguments: 
• data1 and data2 are two blocks of variables, one or both of which can be a 
matrix of Procrustes superimposed  landmark coordinates with objects in 
rows and coordinates in columns. 
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• {type1, type2} is a list of two data types, in quotation marks.  Allowable types 
are "Shape" (Procrustes superimposed coordinates), "Standardized" 
(independent variables  with different units of measurement that need to be 
standardized), and "Unstandardized" (independent variables with the same 
unit of measurement that do not need to be  standardized).   
• PLS is an integer indicating which PLS axis to plot. 
Example:    
TwoBlockPartialLeastSquares[proc1, proc2, {"Shape", "Shape"}] 
 
 
  
Proportion of Actual Squared Covariance Explained by PLS 1: 0.48
Proportion of Total Possible Squared Covariance Explained by All PLS Axes: 0.08
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